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THE IlPBLUEBCE O F  XETEOEOLOGICAL CONDITIONS 
OW THE PROPAGATION O F  SOUND. 

By HAERY BATEYAN, Ph. D. Johnston Scholar. 

(Dated Johns Hopkins University, Baltimore, Yd., June 5,1914.) 

41. THE INFLUENCE OF THE WIND. 

The effect of wind on the velocity of propagation of 
sound was first established by a long series of experiments 
by Dr. Derham (1). He observed that the time taken 
by the report of a cannon in traveling a distance of 123 
miles across the Thames from the groundv of Blackheath 
varied between 55+ and 61 seconds according as the wind 
and sound traveled in the same or in op osite directions. 

mem Q ers of the Accademia del Cimento at  Florence, but 
the observations were made at distances of not more than 
two or three miles from the source of sound and the dif- 
ference in the time due to the effect of the wind is so 
small that, as Derham remarked, it is not surprising that 
it esca ed observation. 

the velocity of sound than to its effect on the range and 
audibility of sound. A passage which Derham quotes 
from an account of the work of Joseph Averiani (2) 
shows that the existence of the latter effect was recog- 
nized, but its cause was not then understood. 
Nor ie there need of favoring win& to promote this pafieage of aound 

in order that it may be surely heard. Indeed, any wmd whatsoever, 
whether it be favoreble or adverse, is e ually an im edhent, and ren- 
dem the aound lese audible. It may %e because t L  roar of the sea, 

‘tated by this cauae, is more a disadvantage than the current of air 
%wiv in the eame direction is an advantage. Hence it is that the 
Fund y1 heard onl when the wind is entirely still or is only murmur- 
1 very gent1 wten the air is serene and the sea tran uil. Nor then, 
h%d, .IE it &a+ indiscriminstely from all points,%ut from those 
only whch are a httle the more elevated * * *. 

These remarks are interesting because two phenomena 
are recorded which have been observed in more recent 
experiments. The effect of wind in reducin the audi- 

(3) who compared the sounds from two equal bells placed 
a t  such distances from the observer in different direc- 
tions that the sounds from them appeared to be equally 
distinct. De la Roche found that the distance for a direc- 
tion at  ri h t  angles to the wind WM greater than for direc- 
tions wi8 or against the wind. This result led some men 
to the erroneous conclusion that sound had a 
range in a direction at  right angles to the wind t an in 
other directions. This error was corrected by the erperi- 
ments of Joseph Henry (4) and 0sborne .Rer lds  (5), 
which showed very clearly that the range wi the wind 
is generally about double that at right angles to the wind. 
Reynolds says: 

It does not follow, however, nor was the fact observed that at com- 
parStively short distances the sound With the wind was more intense 
than at nght anglee. 

De la Roche, Henry, and Reynolds also noticed that a 
sound which was practically inaudible close to the ground 
or surface of the sea could often be heard at a greater 

A ne ative result had previously been o \ tained by some 

Der % am paid more attention to the effect of wind on 

bihty of sound was noticed, for instance, by % e la Roche 

r t e r  

altitude, for instance on the top of a tree or cliff or at the 
masthead of a ship. Thus Averiani’s observation has 
been abundantly confirmed. The well-known fact that 
the sound of a bell can be heard over a wider area when the. 
bell is raised above the ground belongs to the same order 
of ideas. This fact has been applied with advantage in 
the case of school bells and church bells. 

These phenomena seemed very mysterious until it was 
shown by Stokes and Reynolds that they were due to 
refraction of sound waves by the atmosphere. At the 
Dublin meeting of the British Association in 1857 Stokes 
pointed out that when the velocity of the wind increases 
overhead rays of sound traveling to windward are grad- 
ually bent upward and at a moderate distance pass over 
the head of the observer while rays traveling with the 
wind are bent downward. An observer to leeward of the 
source heaw by a direct ray which starts with a slight 
u ward inclination and has the advantage of being out of 

couige 6). Stokes explained De la oche’s observation 
that at  short distances sound is most intense in a direc- 
tion at  right angles to the round by saying that in this 

reflected from the ground has vel nearly the same direc- 

a reater intensity of sound in this direction t an in any 

This idea of a refrmtion of sound due to a vertical 
adient of wind velocit was adopted and developed by 

!%seph Henry in his $scussion of the results of the 
experiments with fogsi nals made by a committee 
ap ointed by the United !5 tates Lighthouse Board. (7) 

h e  same idea was evolved by Re nolds before he 

to esplain the results of his experiments. It was also 
taken up by Alesander Beazeley (8),  who suggested that 
the range of sounds to be sent against the mnd could be 
increased by raising the source and projecting the sounds 
slightly downward. 

The fact that the propagation of sound can not be 
described so accurately as in the case of light, by usi 
idea of a ray has been regarded as a difficulty in Sto es s 
theory. Reynolds discusses the question by considering 
the analogous case of diffraction of li h t  and concludes 
that at short distances the effect ro a uced b a lateral 
diffusion of the sound would be sm&. Major gutton (9) 
considered that the lateral diffusion mi h t  to some extent 
counteract the effect of refraction an 5 Henry used the 
same idea to explain how sound which had been refracted 
upward could reach the earth again (10). Henry also 
showed that a return of the sound to the earth could be 
accountedfor in another way, by postulating the existence 
of an upper current of an blowin in the opposite direction 
to  the lower one. The latter % ends the rays of sound 
upward when they are directed a ainst it, whereas‘the 

the rays to earth again. enry accounted for the regions of silence and abnormal audi- 
bility observed by Gen. Duane in 1871 during a northeast 
snowstorm (11). The idea of an upper current blowing 

B t % e wa 

direction a ray which reac 5 es the obsemer after being 

F produce 
tion as the direct ray, consequent Y y the two ra 

ot % er. 

of obstruction for the reater part of its 

became acquainted with the work of Sto 1 -es, and was used 

?the 

former current causes a downward % end which bri 
With the aid of this idea 
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in the o posite direction to the lower one has been 

or “conjecture,” but in justice to Henry i t  should be 
mentioned that he regarded the upper current as a con- 
dition naturally associated with a northeast storm on the 
east coast of ths country. Moreover, in Se tember, 1874, 

current was blowing in the direction he anticipated and 
was in  the direction of the maximum sound range. 

T ndall also criticized Henry’s theory by sa ‘ng that 
he J d  not understand how the sound wave cou f d recross 
the hostile lower current. (Preface to Tyndall’s Sound, 
3d edition, p .19-20.) To meet this objection Mr. W. B. 

a compound wind in chaiigmg the direction of the sound 
ra , and this seems to make the matter clear. 

r o r d  Rayleigh (13) has studied the reflection and re- 
fraction of sound at a horizontal surface, in crossing which 
the velocity of the wind changes discontinuously; it 
a pears that if the u per velocity is the greater some of 

sound movin to leeward over still water, being confined 
between par&el reflecting planes, diver es in two dimen- 
sions onl and ma therefore be hear c f  a t  distances far 

sible effect of the reflector overhead is to render sounds 
audible which in still air mould be intercepted by hills or 
other objects intervening. 

When. there is a stron upper current blowing in the 

are applicable to the case of sounds pro’ected against the 
surface wind whether the bending d ownward of the 
sound by the upper current is supposed to be due to 
reflection or refraction. 
In the mathematical theory of the refraction of sound 

in a windy atmosphere it is necessary to distinguish be- 
tween the direction of a ray and that of the wave normal. 
The direction of the ray may be obtained geometrically 
as follows (14): Let P’ be the position to which a point 
P would be carried in time at if it moved with the velocit 
of the wind. Describe a s here of radius Vat round eac 
such oint P’ where Vis tge local velocity of sound, and 
let &{e the point in which the s here associated with P 

with the different pointa of the wave front. Then P& is 
the direction of the ray at P. It follows from this con- 
struction that the ray-velocity is the vector sum of the 
wind-velocity and the local velocity of sound along the 
normal to the wave front. 

This law can be obtained analytically by regarding the 
wave fronts as characteristics and the rays as bicharac- 
teristics (16) of the partial differential equations of wave 
pro agation in a wind atmosphere. 

whara (16) has shown that if viscosit , conduction of 

motion can be derived from a velocity potential 9 which 
satisfies the partial differential equation 

describe 2 by Tgnddl and other writers as an “invention” 

he ascertained by means of toy balloons t Yl at the upper 

Taylor (12) E as drawn a figure to illustrate the action of 

t f e rays will be tota B y reflected. He also remarks that 

greater t rlr an woul B otherwise be possible. Another pos- 

opposite direction to the k ower one, the preceding remarks 

E 
is touched by the envelope of al P the spheres associated 

&en the wind is b 9 owing in one direction only,. Fuji- 

heat, and changes of composition are neg ;P ected, the sound 

The wind velocity q ( z )  is parallel to the axis of z and 
is assumed to depend only on the height z above the 
earth’s surface is the mean density of the air a t  height 

Fujiwhara-has endeavored to give a more physical 
z and c is the loca ve 1 ocity of sound. 

to flow. To reconcile this definition with the previous 
definitions of the rays he uses a articular solution of the 
partial differential equation an B determines the flow of 
energy for the correspondin type of wave propagation. 
This particular solution is o B the form 

4 = m 9 e a  
where a! =iqt - I;c - my + s d z  is a solution of the differ- 

ential equation of the characteristics, and p, Z, m, are 
constants. With the aid of this expression for 4 he 
verifies the above-mentioned law for the ray velocity 
and then proceeds to apply this law to determine the 
paths of the rays in the case of sound waves issuing from 
a oint source. 

$his method is not rigorous, but the results which are 
obtained are fairly satisfactory, especially as they indi- 
cate the existence of a silent region and an area of abnor- 
mal audibility in the case when the wind velocity first 
increases and then decreases as z increases. 

urpose (17) it will be sufficient to For our present 
consider the ath o P a ray which is in the plane of zz. 
The law for t % e ray velocity then gives 

where I ,  m, n, are the direction cosines of the wave normal. 
Let v be the actual velocity of the wave in the direction 
of the normal, then it follows from the geometrical 
method or from the differential equation of the charac- 
teristics that 

Now the velocity of the trace of the wave front on a 
horizontal plane a t  which there is a chan e of wind 
velocity remains constant as we cross the p P ane, hence 
the law of refraction states that 

;=Ul+i  is a constant 1. 

v =zu, + e. 

C 

we find (18) for the Putting m = ~ ,  n= JGF, I -  - I - y ’  
path of a ray the equation 

C 

When u, first increases with z and then decreases, ‘a 
ray moving against the wind has a point of inflexion 

where 2 vanishes. To f h d  the position of the vertex 

of the ray in this case we use a to denote u,(O) and b to 
denote the maximum ralue of ul. Then for a, ray moving 
against the wind the initial value of Z is negative, and so 
if a is small, 1 is also negative. The ray is symmetrical 
on the two sides of the vertex, consequently if R is the 
ran e on a horizontal plane through thestartingpoint 
we % ave 

az 
aui 

where both d q  and - are negative in the second integral. 
meanin to the rays by regarding them as curves alon 
which t B e energy of the sound motion can be supposes A point on the ground can be reached once, twice, or 
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not at all,. according to the number of real roots which 
this equabon in 1 possesses. 

To get a case in which the integrations can be carried 
out Fujiwhara assumes that 

u,(z) = k1(Z - h) + b z < h  
-k,(h-z) + b  z > h  

and shows that with certain values of the constants 
there is a. minimum value of R and consequent1 
r e o n  of sllence. For values of R a little greater t an 
fhLS minimum value there are two rays and consequently 
the sound may be heard twice. 

% ”  
The case in which 

u1 (2) =i b - k(h - 2)’ b > kha 

might be discusged with advantage, for in this case there 
b an upper current blowing in the ‘op osite direction 

the aid of elliptic functions. An interesting mathe- 
matical problem which has not yet been solved is that 
of h d i n g  a distribution of wind velocity which will 
bring the rays which travel with the wind in a vertical 
plane zz to a focus on the ground. 

The preceding theory is entirely geometrical and does 
not give an satisfactory information with regard to the 
intensity o l t h e  sound in the region of audibility. A 
ri rous mathematical investigation of the propagation 
o wave8 sent out from a oint source can be made with 
the aid of the so-called fun amental solution of the partial 
difEerentia1 e uation. The existence of this solution 

mard (20). The solution may be derived from the cor- 
responding solution for the ordinary equation of wave 
motion by a method of successive approximations. 

02. THE INFL’UENCE OF INEQUALITIES OF TEMPERATURE. 

to the lower one. The integration can % e effected with 

t; P 
has been estab gk ‘shed by E. Holingren (19) and J. Hada- 

Derham remarks in his “De Motu Soni” : 
I have often observed in summer time, when the air has grown hot, 

that sounds appeared more languid than usual and were exceedingly 
weak in their impression on the ear; while in weather of another sort, 
especially in winter, if it hap ells to he freezing cold, the same sounds 
were much more pierring anfsluill, and struck t,he ear more forcibly. 
Also, when the north or south east wind wae blowing, however adversely, 
I have observed the sounds to be dearer and shriller than if the wind 
waa blowing from contrary quarters, as Pircher also observed at Rome. 

It has also been h o w n  for a long t.inie that, the sound 
of a distant wnterfall can be heard more distinctly at  
dighttime than during the day. This phenonienon was 
explained by Humboldt ns being due to t,he presence of 
inequalities of tern ernture durin the daytime and 

that the inequalities of temperature produced inequalitlies 
of density, and that t.here were partial echoes at  the 
limiting surfaces of rare and dense air. 

This explnnation is somewhat misleading, because in 
a as of constant composition the velocity of sound is 
in d ependent of the density, but vanes as the square 
root of the abeolut,e temperature (22). What is robably 
the true ex lnnation was given by Osborne geynolds, 

through layers of air at  different tern. era.tztre.8. Tota 

If the temperature decreases upward, as it generally 
does during the daytime, sound.rays are refracted up- 
ward, and an observer at  some distance from the source 
may be left in a kind of sound shadow. A decrease of 
temperature of 1 degree Fahrenheit in 100 feet is suilicient 
to make a difference of about 1 foot a second in the 

their absence at  nig !l ttinie (21). I% supposed in fact 

who showe s that sound waves are refract.ed in passin 

reflection may of course occur in specia P case!. 

velocit of sound and to produce a curvature equal to 
that o f a  circle 104,500 feet in radius. That the tem- 
perature radient may be sufficient to roduce uite an 

‘the sound of a passing railroad train was ahnost inaudible 
at  a distance of 150 yards (23). This curvature of the 
ra s makes it possible for sounds to be heard at  consider- 
able clistances above the earth when they are inaudible 
at  a comprmntively small horizontal distance. For 
instance, in their balloon ascents Flammarion and 
J. Glaisher have heard the sound of a train at heights of 
S,200 and 22,000 feet, respectively (24). 

At. nighttime when the ground has become cool the 
temperature gradient is generally much shaller and may 
indeed be inverted owin to the presence of dew, come 
quent,ly the audibilit,y of  sound is reduced very little by 
refraction. 
In a letter to Nature, November 25, IS75 (13, p. 67), 

Dr. Schust,er remarks: 
With regard to the question whether our better hearing at night is 

due to the absence of disturbing noises or to the cause suggested by 
Prof. Reynolds, I wish to remark that the Upper Himalayas are par- 
ticularly free from auy disturbing noises, yet the increase in our power 
of hearing at night is most marked. 

Richard Townley wrote to Derhani in 1704 to say that 
sounds are rarely. heard as fp;r at  Rome as in England. 
Derham, wishin t,o t.est t.his point,, caused an in uiry 

Jose h Averiani pointed to the conclusion t,hltt sounds 

nat.ely the observations were made at  nighttime while 
Townley’s observa t.ions were most probably, judging 
froin Derhani’s account, made in the daytime, and the 
direct.ion of the wind was unrecorded. It is uite likely 
that the esistence of a large tern erature gra 1 lent in the 
latter case was the cause of the 8screpancy. 

The equation for the path of a ray when the refraction 
is due only to the temperature gradient is comparatively 
sim le (25). The ray evidently lies in a vertical lane; 
and% B is the angle which it makes with the vertica P , then 
c cosec e is unaltered by refraction. 

a preciab K e curvature of the rays is Austratec? by an 
o E servation of Lord Rayleigh on a very hot day when 

t.0 be made in I! t,rtly. Some observations conducte 3 by 

can g e heard as far in Italy as in England, but unfortu- 

Hence 
cdz 

x = l  
where a is a constant for each ray. An interesting 
inathematical problem is that of finding n distribution 
of teniperat,ure such as will bring the rays in a vertical 

If M is t,he const.ant range and h t-he 
{eight, of a vertex of a ray we must have a=c(h) and 

lane to a focus. 

for all values of h. This equation is satisfied by 
c(z) =Acoshz where A is a constant (26). This law 

would correspond to an increase of temperature with z and 
could only hold for a short range of values of z. 

A useful rule for comparing the refractive powers of 
wind and ten1 erature is that a difference of 1 foot er 

ence in teniperature of 1’ F. (2.7). 
second in win B velocity is nearly equivalent to a di -3 er- 

93. THE INFLUENCE OF MOISTURE AND VARIATIONS IN 
THE COMPOSITION OF THE AIR. 

The idea that sounds are reflected from clouds was 
developed by Tyndall (28),. who su posed that invisible 
clouds, or a flocculent condition of t fl e air, was produced 
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by streams of water vapor rising from the sea. The 
aerial or ocean echoes discovered by Henry- (29) .were 
attribut.ed by Tyndall to t,he presence of these inmsible 
clouds, and other abnorninl effects were explained as 
bein due to the acoustic o acity of the atmosphere. 

experinient.s made in the laboratory, but observations 
which have been ninde under actual conditions do not 
seem to favor his Views. For inshnce, in a balloon 
ascent Flanininrion not,iced t.hats when the balloon was 
in the midst of a cloud .the sound of a band increased 
in intensity and the band seemed uite near (30). A ain, 

the effect was imperceptible (31). 
Henry does not seem to have been sat,isfiecl with Tyn- 

dall’s explanation of the silent region and made some 
experimenh to see if the sound of a fog signal could be 
intercepted by an acoustic cloud. He used the met,hod 
of reciprocal observat,ions and showed that! sometimes a 
sound produced at, A niight be heard at  B, while a 
similar sound produced at  B could not be heard at  A. 
Such a failure of recipr0cit.y is probably due to t,he 
wind (32). 

Henry suggests as a possible esplanation of t,he echo 
that in the spreading out of the sound from t.he siren 
some of the ra trtke such curved paths that they are 

is that it seems to be produced only by signals in which 
a direction is given to the sound and-appears t? cope 
from a point on the horizon in the horizontal projec,tioii 
of this direction (33). When Henry ordered the siren 
to be fixed so that the sound was direct,ed vert,ically 
upward the echo appeared t.o come from t,he whole of 
the horizon. I t  is still thought t.hat no satisfactory 
explanation of t,he echo has been given (34). 

When a train of wapes in a hetero eneous medium is 

interval of time a portion of the medium does not generally 
remain undisturbed after the wave has passed over but a 
residual disturbance, which ma be of an oscillatory-char 

of this residual disturbance may correspond to the aerml 
echo. If this residual disturbance i s  due entirely to reflec- 
tions caused by the inequalities of the medium this explana- 
tion is practically the same as Tyndall’s, but there may be 
a residual disturbance when the medium is isotropic, e, for 
instance. when the propagation takes lace in two dimen- 

of varying properties has been studied with special refer- 
ence to the question of reflection by Lord Ra leigh (36) 

that 
Tyndall’s explanation of his own experiments is a very 
possible one. The ropagation of sound in a heterogene- 

by M. Brillouin (38), who considers the question of dis- 
persion and the variation of am litude. He shows also 

along a tube of orthogonal trajectories of the wave 
fronts (39). 

Tyn % all supported his theory 73 y a number of int,eresting 

when Henry tried t.0 obtain an ec B o from a visible c 7 out1 

reflected back F rom the sea. A pecu1iarit.y of the echo 

produced by a local disturbance whic % lasts for a h i t e  

acter, is left behind. It is possi g le that the first maximum 

sions (35). The propn.gation of soun (P through a medium 

and J. W. Nicholson (37); the latter concudes s 
ous nonabsorbing f f  uid has also been discussed recently 

that the flow of potential energy B oes not remain constant 

Nicholson says : 
Tyndall’s acoustic clouds were regarded by him aa being mainly due 

to the presence of an excesa of aqueous vapor in some parts of the atmos- 
phere. Now, moist ajr hns a greater power of radiatin heat than dry air, 
and the coiieequent stifling” of the sound passing &rough very moist 
air (40) nlsy be appreciable, although in air under ordinary conditions 
the effect is ngligble.  

Tyndall does not give a definite idea Jf the nature of the action.of.an 
acoustic cloud,which may act, for the purposes of hia theory, by ahfling 
the sound, by scattering, or by reflectmg it back to its starting point. 
Probably the first two effects both play their proper parts. Moreover, 

aa we have shown, the backward reflection when sound entera such a 
dissipative medium tends to loae its periodicity, and to be independent 
of the reflecting medium when the dissipation exceeds a certain limit. 

The following observation mentioned by Pasquay (41) 
is of some interest. A whistle was heard a t  a place 12+ 
kilometers away from the source of sound and separated 
from i t -by two ridges of hills. As this occurred just 
before rain set in the phenomenon was attributed to the 
reflection of the waves of sound at the upper layers of air 
which was saturated with moisture. An upper current 
of wind or an unusual distribution of temperature might 
also have produced this effect. 

A refrackion of sound may also be produced when the 
percentage of water vapor in the atmosphere varies with 
the height; for, as Reynolds pointed out, an increase in 
the amount of water vapor lowers the density and so in- 
creases the velocity of sound. An escess of water vapor 
overhead would produce n downward refraction of the 
ra s, but the curvature would be very smdl. PI. Mahn (42) and W. R. Livermore (43) have discussed 
the refraction of sound under the combined action of 
wind, tem erature, and humidity. There is some un- 
certainty, towever, about the exact effect of humidity 
because it is not known how the ratio of the specific heata 
varies with the amount of water vapor present in the air. 
The vapor of y for dry air is about 1.4 and for water vapor 
about 1.3. Now Capstick (44) has given a formula 

for determining the ratio r of the specific heats of a 
mixture of gases when the ratios ys and the partial 
pressures p ,  of the components me known. At resent 

mixture of air and water vapor. Some experiments 
ought to be made to decide this point. 

To account for the areas of silence and abnormal audi- 
bility observed at  the time of some recent dynamite and 
volcanic explosions, G. v. d. Borne (45) has introduced 
the idea of an effect due to the presence in the upper 
atmosphere of an isothermal region and of air composed 
mainly of hydrogen. B using Dalton’s law for mixed 

feights and determined the paths of the rays. His com- 
puted range of the silent re ‘om agrees very nearly with 

be a total reflection of rays at  a lower boundary of the 
“hydrogen atmosphere.” It is unlikely, however, that 
there is anything like a sharp discontinuity in the density 
of the air (46). 

Quervain (47) and Fujiwhara (48) are of the opinion 
that the abnormal range of the sound produced by the 
d namite explosion on the Jungfrau railway waa due 
c & d y  to the wind and not to the presence of the hydro- 
gen atmosphere. Fujiwhara has made an elaborate study 
of the sound phenomena associated with the eruptions of 
Mount Asama and the dia rams in his memoir indicate 

phenomena relating to the audition of sound have been 
noticed during the eruptions of Cotopaxi and Krakatoa. 
There has been some hfference of o inion as to the effect 
of fog on the propagation of soun8. Derham remarks: 

A like uncertainty obtains with regard to clear and foggy air. In 
rainy and damp weather I have often observed that sounds are blunted 
and that after torrential rains they acquire the greatest strength, aa 
%her observed at Rome. But the contrary also often happens. 
* * * But aa regards thiekfogu, it is certain that they are dampera 
of sound in the higheat degree. For sounds then seem to be for the 
moat part very weak and blunted- fact which very certainly proceeds 

it is unknown whether this formula is applicab P e to a 

i as-, he has calculated t TI e velocity of sound at  different 

the observations. Borne aY so considers that there may 

very clearly the action o K the wind (49). Abnormal 
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from +e inprposed vapora snd thick particles which compose fog. I 
have likemse observed the aame concernin mow weather. For 
when fresh snow has fallen on the ground sounck straigttway grow dull; 
but when its surface has been covered with ice, the sounds suddenly 
become more acute, and I then have heard bella ringing and cannon 
booming just the same aa if there waa no snow on the ground. 

This.statement of Derham’s seems to have given rise 
to the idea that fog is alwa s prejudicial to the propagt+ 
tion of sound. Although t&s was denied by Desor (SO), 
the idea was generally accepted until the time when s p -  
tematic expenments were made with fog signals. Thus 
Reynolds says (51) : 

That sound does not readily penetrate a fog is a matter of common 
observation. The bells and horns of shi s are not heard so far during 
a fog aa when the air is clear. In a h n & n  fog the noise of the wheels 
is much diminished, EO that they seem to be at a dktance when they 
are really close by. On one occasion, during the launch of the peat 
Eastern, the fog waa reported so dense that the workmen could neither 
aee nor hear. 

greater idensiiy of the fog. 
I n  a description of some remarkable noises, T. McKenny 

Hu hes (52)*remarks that the pro agation‘of the sounld 

produced in some way by the tide at  Morecambe ay, and 
compares them with the “barisu guns.” I n  ths case, 
however, it ma be that the sea is com aratively calm 

tion of the sound rather than its propagation. The propa- 
ation of sound through a foggy atmosphere has recently 

%een studied mathematically with the aid of the hydro- 
d namical e uations for the niotion of a viscous fluid. 

spherical obstacles and assumes t at the volume occu- 
pied by the suspended dro s is small compared with the 

on the hypothesis that the drops of water do not move. 
Sewell then found that if the diameter of each drop is 
about 0.02 mm., and there are 1V drops per cubic cen- 
timeter, then the fog does not interfere appreciabl with 
the propagation of sound, but if the diameter o f  each 
drop is about 0.002 mm., a fog of the same density would 
contain 10” drops per cubic centimeter and the sound 
would be damped ve quickly by the fog. I n  a second 

drops were supposed to be capable of vibrating with the 
surrounding au. It was then found that a fog in which 
the drops have diameters as small as 0.002 mm. should 
not interfere ap reciabl with the ropagation of sound. 

sound is very great, or when the obstacles are extreniely 
minute, a dro vibrates with the surrounding air. 

the sound was produced continuously by the source. In 
the case of sounds of short duration the results may be 
sl’ htly different. 

%hem (54) has studied the propagation of such 
sounds through a viscous medium and has shown that a 
wave of discontinuity, in the sense in which the term is 
usually used by French writers, can not be propagated 
at all. To show that disturbances can be propagated, 

gobably is afFected by fog. He says that t E e noises are 

when there is a T og, so that the latter hin B ers the produc- 

c? J. T. Sewe % (53) treats the dro s of water as minute 

total volume of the fog. # he h t  calculation was made 

E 

calculation, made at T t e suggestion of Prof. Larnior, the 

Sewell also conc 7 3 :  uded t at when t Fl e wave length of the 

These calcu P ations were made on the assumption that 

however, Duhem has considered a class of waves which he 
caUs “quasi-waves.” At the front of such a wave at least 

au au a v  oneof theparti&derivatives 

of the component velocities u, v, w, is sup osed to undergo 

that if * is one of the derivatives in question the 

difference between the values of - on the two boundaries 

ot the layer is a h i t e  quantity which is not small. Duhem 
then shows that a “quasi-wave” can only be ro agated 
in a viscous fluid when the thickness E OI the tknyayer of 
t,ransition is at  lenst of the same order of magnitude as 
the coefficient of viscosity ,u. When I( is very small the 
laws of propagation 01 these quasi-waves are f~~y~ t i ca l ly  
the sanie as those of waves in a perfect The 
case in which the medium is homogeneous has been 
studied more fully b Le Roy (55) who hns obtained 
a general solution 01 the partial differential equation 

a rapid change in crossing a layer of sma E thichess E ,  so 

dX 
bu 
ax 

on which the motion depends. He h d s  by considering 
a particular case that the phenomena of propagation 
are sufficient1 clear at the start but that some time 
after the prodktion of the disturbance the thickness of 
the quasi-wave increases and becomes more and more 
badly deihed, so that the phenomenon of propagation 
ends by becoming very vague. He concludes also that 
in the general case when there is initidly both dis lace- 
nient and velocity, it is chiefly h e  disturbance &e to 
the velocity that causes the flow of energy. In a rigor- 
ous discussion of the ropagation of sound, the con- 

to be takrn into account for 
its effect is of the same order of magnitude as that of 
viscosity (56). 

duction of heat ought aso  T 

FOG SIGNALS. 

Derham su gests a t  the end of his memoir that gun- 
shots might %e used to enable sailors to ascertain by 
means of the sound the distance of a ship from mother 
ship or from the land. He does not, however, suggest 

account of his belief that the sound woul Brobably be rapidly On 
that the signals should be used in a fog, 

stifled. The idea that fog tends to intercept or modify 
sound in its passage through the air led to the con- 
sideration whcthcr water itself might not be emplo ed 
as a medium for the transmission of fog signals, an B in 
1851 Charles Rabbage recomniended that some experi- 
nients should be, made (57). Submarine bells are now 

The extensive observations that were carried out by the 
United States Li hthouse Board to determine the pene- 

atmospheric conditions have revealed the existence of 
curious phenomena which have been observed i:y: zy over again in subsequent experiments (59). 

trating powers o P the different fog signals under various 
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Chief amon these are the alternate re 'ons of silence 
and audibgty discovered by Gen. Buane.. ,Joseph 
Henry attributed these to the presence of an upper wind 
blowing in the opposite direction to the lower one, but 
this can not always be the cause of the phenomenon 
because regions of silence and a'bnormal audibility have 
been noticed in apparently clear weather and a t  no great 
distance from the source. The areas of silence around a 
given fo signal are generally constant in their general 
position5ut variable in actual position (60) It seems 
almost impossible to predict beforehand whether the 
signal will be heard at a given pl.ace or not,. and inany 
accidents have occurred a t  ?ea omn to the inaudibility 

the regions of silence and abnormal audibilit are due to 

reflected from the surface of the sea or ground, but Lord 
Rayleigh (63) does not seem to be satisfied with this 
explanation. Indeed, if the silence were due to inter- 
ference,'it should be possible to recover the sound by 
ascending the mast of a ship, and the osition of a silent 

siren trum et (a), an 1m roved forni of siren invented by 

or reed horn invented by e. C. L. Daboll and improved 
b Prof. Holmes, steam whlstles, guns, bells, and gongs. 

&mats have indicated that the siren is the most 
powerful and effective si al; the reed horn, although 
derior in power, is suits le for situations of secondary 
importance. At first the siren was blown b steam, but 

on account of its greater density (65). 
A cylindrical form of siren invented b Slight is now 

generally used (66), but in Canada a mochat ion  of the 
siren, called the diaphone, is widely employed. Besides 
the instruments already mentioned there is the whistling 
buoy, invented by Mr. Courtenay, and explosive signals, 
such as guncotton. A whistling buo is often placed in 

times a double horn or siren is used somas to cover a greater 
range and avoid the occurrence of silent regions. Lord 
Rayleigh has suggested that better results might be 
obtained by using a trum e t - m t h  an elliptical mouth 

ments that were made in 1901 a t  St. Cathorines Lght- 
house in the Isle of Wi h t  (68). The Clyde Navigation 

fog guns charged m t h  gas and an a paratus for firing the 
guns by means of electnc waves. i?t is thought that such 
guns can be placed m t h  advantage on dangerous rocks 
and that the wireless system will remove difficulties which 
have hitherto been insurmountable. 

In  spite of the excellence of fog signals disasters occur 
fre uently at.sea, and the recent wrecks of the Titanic 
an8 Empress of Ireland point, to the conclusion that 

Sometimes a 

from which direction the sound is coming. Mr. Della 
Torre, of Baltimore, has invented an instrument for 
overcoming this difficulty and believes that it can be 
used successfully to locate an iceberg by means of an 
echo. 

Other methods of detecting the presence-of an obstacle 
are sometimes available; for instance, it 1s well known 
that man fogs are near the surface-of the ocean, and a 

of a fo signal which was bein soun f ed as usual. 
Tyniall (61) and F. E. Fow K e (62) have suggested that 

the interference of the direct rays of soun 2 with those 

re 'on should depend on the Itch of t E e bound. 
$he principal fog signals t 1 at have been used are the 

Mr. Adolp 1 us Brown of s e w  York, the Daboll trumpet 

r & 
compressed air was found to give better resu ;P ts, probably 

regions where the fog signa! has not g een heard. Sonie- 

(67). This device was trie B m t h  success in some experi- 

Trust has quite recent f y made some esperiments with 

recautions ou h t .  to be taken. $eater og signa s can be heard d istinctly, but it is m c u l t  to tell 

sailor a t  t % e masthead as a lookout is all that is needed. 

The approach of an iceberg can often be detected by a 
change m the temperature of the water, and Prof. H. T. 
.Barnes, of Montreal, has devised a sensitive instrument 
to record such a change. 

THE SOUNDS PRODUOED BY BOLIDES OR METEORS. 

The noises heard during the fall of a meteor in the 
Lower Pyrenees, on September 7, 1868, are described by 
Flammarion as follows (69): 

The disappearance of the meteor waa preceded by an ex losion. 
This waa followed by a continuous noise like the distant r o h g  of 
thunder, then by three or four detonations of extreme violence, which 
were heard at points distant 50 miles from each other Immediately 
after these detonations the inhabitants of Sanguis-St. h e m e  heard a 
hissing noise, like that made by red-hot iron when it is lunged into 
water, then a dull aound, indicating the fall of a aolid%ody to the 
ground. 
On Christmas Eve, 1873, a remarkable meteor was 

seen from Washington, and the henomena relating to it 

members of a special committee. ain there WBB an 

si&ed the noises to be due not to a single definite explo- 
sion of the meteor, but to the concentration a t  the 
observer's ear of the vast volume of sound emanating 

were investigated by Cleveland B bbe (70) and some other 

ex losion followed by a rumbling. 4 he reporters con- 

A 

R- 
FIQ. 1.-Regions about a meteor path. 

almost simultaneously from a large part of the meteor's 
path, being in that respect not dissimilar to ordinary 
thunder. 

This meteor probably described its entire visible path of 
about 120 miles in three or five seconds; consequently it 
traveled with a velocity much greater than that of sound. 
Now, when a body moves with a very Fea t  velocity and 
produces sound for a short interval of time, the elemen- 
tary spherical waves that issue from ih various positions 
where the sound is produced, have a t  any instant a real 
envelope and the dwturbance is of a different nature in 
different regions of space. This may be illustrated by 

or truncated ortion of a cone of 

face of a sound bore. At a point of this belt sounds 
axis. This gel, is the front sur- 
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issuing from two consecutive points of the meteor’s path 
reinforce one another. At points of the region ofxoncen- 
tration not at the front of the bore the sound is due to 

is c.hanged for R distance whic.h is considerable in com- 
parison with the dimensions of the bullet (73). 
In an account of the sound produced by the motion of 

a bullet Mr. A. Mallock says (74): 
Soon after the introduction of modern rifles, which ive their pro- 

jectiles a velocity much higher than that of sound, ! noticed that 
when standing in a position in front of the un and not far from t.lie 
line of fire, the sound seemed to come, not !om the firing oint, but 
from some point considerably in advance of the gun. T t e  natural 
explanation seemed to be that the sound thus heard was not that pf 
the explotnon itself, but waa caused by the wave surface which is 
generated the air b y  t.he projectile, movin at  a velocity higher than 
sound. It is clear (It the source of sound is h e  to the wave caused by 
the projectile) that the apparent’direction of the sound will be the 
normal to the wave-surface, and that if the direction of this normal is 
known, the velocity of the projectile, at the. time that that particular 
portion of the wave-surface waa generated whlch ultimately reaches the 
observer. can be calculated. 

In the case of a meteor a direct application of this 
principle is besct with difficulties, owing to the rcfraction 
of the sound waves by the wind and temperature gradient. 

The Editor having sug ested that 1 should writc this 
review, tclls me that Dr .5 .  J. Nutting, former1 of the 

devising a meteor-recorder by means of which the exact 
time, location, and velocity of a. meteor may be cleter- 
mined. A number of systematic records obtained with 
the aid of an instrument of this kind would be of great 
help in clearing up some of the difficulties connected with 
the sounds produced by great meteors. 

Descriptions of the sounds heard by different observers 
after the fall of a meteor, have been collected on severs1 
occasions (75) and give a useful qualitative description 
of some interesting henomena, but it is desirable that 

It is difficult to explain the repeated detonations that 
are sometimes heard, by the simple bore theor . It is 
quite likely that echoes arise in some way, eit I er by a 
total reflectipn of sound by the wind or a layer of air 
saturated with moisture or from the unknown cause to 
which the aerial echo is due. 

The fact that the sounds are heard so distinctly, al- 
though the meteor is at a reat distance from the observer, 
is attributed by Repol% to the upward curvature of 
sound rays due to the refraction by wind and temperature. 
Observations in balloons point to the correctness of this 
theory, as sounds are heard very distinctly a t  a con- 
siderable distance from the earth. 

United States Burea.u of Standards, has assistc B him in 

quantitative metho (P s should be used as far as possible. 
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In the case of the great meteor of Se tember 23, 1910, 0. Michalke 
heard about a dozen detonahone of digerent strengths, two or three 

being very loud. Another obeerver heard a detonation like that of a 
distant gun followed immediately by a roll in the cloude, the mound 
appearing to come from an approachin region. The noise was quite 
diiferent and much louder than that ofthunder. 

The noises mentioned by J. Burton Cleland and H. L. Richardeon 
in letters to Nature, London, 1908, June 4 and August 27, were perhaps 
due to a meteor. 

THE MECHANICS O F  ATBXOSPHERIC A T  WITHIN 
CYCLONES AND ANTICYCLONES. 

[Communlrated to the Internatrml Meteomloglcsl Congress at Chicago, August, 1SeO.l 

By Geh. Hofrat Prof. Dr. MAX M ~ U E R .  
[Dated Herzogl. Teehn. Hochschule, Brauaschweig, May, 1893.1 

A. THE DIRECTION OF ROTATION AND THE DISTRIBUTION 
OF PRESSURE. 

. ;/ ;”.:’/. 5 - I  , 5 1, !?/* 1 c - I --, .‘ 
I ..I 

By a cyclone we understand a whirling mass of air 
whose rotation, in the Northern Hemisphere, is amom- 
plished in a direction opposite to that of the movement 
of the hands of a watch; by an anticyclone, on the other 
hand, we mean B whirling mass of air whose rotation, in 
the Northern Hemisphere, corresponds to the movement 
of the watch hands. 

In  the Southern Hemisphere the conditions are re- 
versed. In the center of the cyclone low pressure always 

revails; hence the cyclone is often spoken of briefly as a 
Xepression. In the center of the anticyclone high atrnos- 
pheric pressure generally prevails; hence this is often 
called a high pressure or maximum. However, there are 
also anticyclones with low pressure in the center; but 
this occurs only when the diameter of the anticyclone is 
small relatively to the strength of the wind (compare sec- 
tion 15 hereafter). 

In  the ultimate analysis the movements of the atmos- 
phere are almost exclusively produced by differences of 
temperature: they are, however, so affected by the influ- 
ence of the inertia of moving masses of air and so hin- 
dered by friction due to mutual mixing of masses of air 
that a study of these numerous relations must first be 
undertaken in detail before we can successfully proceed 
to the eqdanation of such complex natural processes. 

According to the theoretical investigations of our mas- 
ter, the late Prof. Ferrel, in the field of the discussion of 
atmospheric whirlwinds, we have to distinguish many 
kinds of cyclones and anticyclones. 

E. THE THREE KINDS OF CYCMNEB. 

(a) We have to mention first the cyclone with descend- 
ing air and a cold center aa it is resented to us in general 

also the cold zone, and produces the westerly trade, 
namely, the strong west wnds of the “roaring forties.” 

Other exam les of depressions with descending air CUP 
rents have also\een observed. Thus, for example, on April 
13, 1893, two depressions of this kind rested u on western 

of descending air in this de ression or c lone was shown 

of any consi%erable precipitation, especially by the fact 
that clear sk prevailed ip the region of the strongest 
winds; second and most important of all, the circum- 
stance that at more than 20 European stations at that 
time the northwest and northeast winds showed no inflow 
into the depression, but moved parallel to the isobara or 

assed from the region of feeble pressure over to that of 
Kigher . 

in that whirl which surrounds t Yl e temperate, and partly 

Russia and the Baltic Sen, respectively. !& e presence 

first by the reat dryness -0 P the air an8by the absence 

1 The resent paper was prepared for publication & 1SCn but blication haa bmn 
delayed fm the reasons stated in the REVIEW for February, iD14,4g93. 


